Thiomethyl-f?-galactoside (TMG) accumulation via the melibiose transport system was studied in lactose transport-negative strains of Escherichia coli. TMG uptake by either intact cells or membrane vesicles was markedly stimulated by Na+ or Li' between pH 5.5 and 8. The Km for uptake of TMG was approximately 0.2 mM at an external Na+ concentration of 5 mM (pH 7). The a-galactosides, melibiose, methyl-a-galactoside, and o-nitrophenyl-a-galactoside had a high affinity for this system whereas lactose, maltose and glucose had none. Evidence is presented for Li+-TMG or Na+-TMG cotransport.
The mechanism for membrane transport of several sugars and amino acids involves membrane carriers that couple the movement of monovalent cations and these substrates. The energy stored as an electrochemical potential difference of the cation across the cell membrane provides the driving force for accumulation of the substrate via the carrier. Animal cells use the sodium ion for cotransport across the plasma membrane, whereas microorganisms frequently use the hydrogen ion for this purpose. There is, however, increasing evidence that microorganisms are more versatile than originally supposed and use Na+ for cotransport of certain substances. Studies with a marine pseudomonad led MacLeod and his collaborators (5, 6, 34, 35, 37, 38) to suggest that Na-sugar and Na-amino acid cotransport account for the marked Na+ dependency of transport in this organism. The addition of Na+ to various bacteria stimulates the transport of sugars (6, 36, 39, 41) and amino acids (5-9, 11, 13, 16-24, 27, 33-35, 37, 38, 40, 42, 44) ; addition of Li' stimulates proline transport in Escherichia coli (14, 15) . The cotransport of Na+ and thiomethylgalactoside (TMG) via the melibiose transport system in Salmonella typhimurium was first demonstrated by Stock and Roseman (36) in 1971. They showed Na+ stimulation of TMG uptake and TMG stimulation of Na+ uptake. These studies have been recently extended by Tokuda and Kaback (39) who demonstrated TMG-Na+ (Li') cotransport in membrane vesicles from this organism. Lanyi and coworkers (18) (19) (20) (21) have provided strong evidence that the light-driven amino acid transport of Halobacterium halobium is via a mechanism of Na+-amino acid cotransport. When exposed to light, the purple membrane extrudes protons resulting in a membrane potential (inside negative) and a pH gradient (outside acid). Na+ is extruded in exchange for protons via a specific Na+-H+ exchange system. Na+ then enters the cell down its electrochemical potential difference with amino acids via specific cotransport (symport) mechanisms. In E. coli, although many amino acids are taken up with protons, glutamic acid is accumulated by an Na+ cotransport process (7-9, 13, 22, 24, 40, 42) .
The purpose of this paper is to describe investigations on the melibiose transport system of E. coli. A brief description of some of the findings has been reported (41) . The data are consistent with the view that there is obligatory coupling between the movement of Na+ and TMG into the cell.
MATERIALS AND METHODS
Bacteria. Strain W3133 (from S. Luria) is a lactosedeleted strain with a temperature-sensitive melibiose transport system. It grows on melibiose at 30 but not 37°C (Table 1) . When this strain was grown for several days in melibiose at 370C a mutant (W3133-2), which possessed a temperature-stable melibiose transport system, grew. An a-galactosidase-negative melibiose transport-positive strain (RAl1) was obtained from strain W3133-2 with nitrosoguanidine mutagenesis (1) followed by ampicillin treatment selection in the presence of melibiose. Strains 7-6 and NR70-1 are lactose transport-negative (lacY) derivatives of strain 7 (from E. C. C. Lin [10] ) and NR70 (from B. Rosen [29] ), respectively. NR70 is an ATPase-negative derivative of strain 7. All of these strains (7, Membrane vesicles and transport with vesicles. Membrane vesicles were prepared from strain according to a method by Kaback (12) . Transport assay with vesicles was also performed according to the method of Kaback (12) . 
RESULTS
E. coli possesses two distinct pathways for entry of melibiose, the lactose transport system (coded for by the lacY gene) and the melibiose transport system (coded for by the melB gene). All studies reported here use lactose transportnegative (lacY) cells to exclude the Y gene product. One of the primary strains in this study was W3133, which contains a deletion through the lacZ and lacY genes. Although this cell grows on melibiose as a sole source of carbon J. BACTERtIOL. and energy at 300C, it fails to grow on this substrate at 370C due to a temperature-sensitive transport protein, as described by Prestidge and Pardee (28) . A mutant, W3133-2, which grew well at 370C and was thus more convenient for routine study than the parental strain, was isolated. Table 1 compares these two strains with an a-galactosidase-negative strain, RAll, derived from W3133-2. W3133-2 and RAl were found to be partially constitutive.
Effect of cations. When melibiose-induced cells were incubated with radioactive TMG in potassium-containing buffer, the sugar accumulated within the cell to a concentration 15 times that in the incubation medium (Fig. 1) . Addition of Na+ to the medium stimulated the initial rate of sugar entry as well as the steady state achieved. The intracellular concentration of TMG was approximately 290 times that in the external medium when cells were incubated for 10 min in the presence of 15 Intracellular TMG concentration in uninduced cells was less than that in the medium exposed to 100 mM Na+ showed less than maximum sugar accumulation, giving a steady-state value of 5 mM TMG (Fig. 1) . Uninduced cells showed no accumulation above that in the external medium in either the presence or absence of added Na+. Cells grown in the presence or absence of Na+ showed no apparent difference in their capacity to accumulate TMG.
The effect of TMG concentration was studied at two different concentrations of Na+ (Fig. 2) . The apparent Km for TMG was 0.6 mM at 0.2 mM Na+ and 0.21 mM at 5 mM Na+. With no added Na+ the rate of sugar entry was too slow to accurately determine the Km.
Lithium ion was found to give a stimulation of TMG uptake similar to that observed with Na+. Figure 3 shows the effect of Li+ on TMG transport in strain W3133. The cations found to be ineffective in stimulating sugar uptake by RAll and W3133 include K', Rb+, Cs', NH4', and choline+.
It was important to show that only one transport system was involved for TMG in these experiments. The first line of evidence agaInst multiple transport systems was that cells grown in the absence of melibiose failed to transport TMG in the presence (or absence) of either Na+ or Li' (Fig. 1) . The second type of evidence was genetic. Fifteen transport-negative mutants were isolated with the penicillin technique (see above). Most of these showed neither a-galactosidase nor transport when grown in the presence of melibiose; one mutant showed enzyme activity but no transport. In all of these mutants no TMG transport was observed in the presence or absence of Na+ or Li'.
Effect of pH. The effect of pH on the Na+ stimulation of TMG transport was studied in three strains ( Table 2 ). The steady-state level of accumulation of TMG was higher at pH 8 than at pH 7 or pH 6. Accumulation in the absence of Na+ was elevated at the higher pH values in all but one case.
Effect of inhibitors. N-ethylmaleimide and p-chloromercuribenzoate were found to be potent inhibitors of transport in both the presence and absence of Na+ (Table 3) . lodoacetic acid at a concentration of 1 mM had little or no effect. The proton conductor CCCP was a particularly effective inhibitor (Fig. 4) . At a concentration of 16 ,uM, CCCP gave complete inhibition of TMG accumulation in the presence of Na+. This inhibitor also blocked accumulation of sugar in cells incubated in the absence of Na+ (not shown).
In another series of experiments ( on energy-depleted cells of NR70-1 is given in Fig. 5B . During the first minute the cells accumulated TMG to a concentration 16 times higher than that in the external medium. The sugar concentration then declined, presumably due to the fall in membrane potential resulting from electrogenic entry of Li+ and the reduction in pH gradient. In another experiment (Fig. 5A ) conditions were arranged to provide both electrical and chemical forces for the inward movement of Li+. To accomplish this, cells were preincubated at pH 6 with CCFP but without preloading the cells with Li+. Dilution of the cells into medium containing 50 mM Li2SO4 at pH 8 resulted in a 22-fold accumulation of TMG (Fig. 5A) .
A chemical gradient alone for Li+ was produced by preincubating the cells at pH 8 in the absence of Li+. Dilution of cells into a medium containing Li+ resulted in a ninefold sugar accumulation (Fig. 50) (Fig. 5D ).
Attempts were made to vary the membrane potential by preincubating the cells in buffers of different pH values in the presence of CCFP. The celLs were then diluted into a buffer at pH 8 in the presence of CCFP. Cells preincubated at pH 6 showed a 15-fold accumulation of sugar when diluted into a medium at pH 8 (Fig. 6) ; cells preincubated in buffer at higher pH values showed less accumulation. In the absence of a pH gradient, only a slight accumulation was observed probably due to a small residual respiration by these energy-depleted cells.
The effect of varying the chemical potential difference of iA+ in the absence of membrane potential was tested. The higher the external concentration of lithium, the greater was the TMG accumulation (Fig. 7) . Membrane vesicles. In an attempt to simplify the system, studies were carried out on membrane vesicles prepared by the method of Kaback (12) . A representative experiment is given in Fig. 8 . Vesicles prepared from strain 7-6 were incubated in the presence of K phosphate buffer (pH 7) plus phenazine methosulfate (PMS) and ascorbate with or without added Na+ or Li+. A marked stimulation of TMG uptake was observed in the presence of Na+ or Li+.
The effect of these two cations on the kinetics of sugar uptake is given in Fig. 9 . Both Na+ and Li' increase the affinity of the carrier for TMG without having a significant effect on the maximal rate. The Km for TMG uptake and in the presence of 20 mM Li+ was 0.31 mM; in 10 mM Na+ it was 0.55 mM; with neither cation it was 1.2 mM.
The effect of pH on the TMG accumulation in the presence of ascorbate and PMS is given in Table 5 . The activity was relatively constant from pH 8 to 6.5; at lower pH values accumulation was reduced.
A variety of carbohydrates were tested as possible inhibitors of the melibiose transport system (Table 6 ). Strong inhibition was observed with the following a-galactosides: melibiose, onitrophenyl-a-D-galactopyranoside, a-methylgalactoside, and raffinose. Among the,-galac- tosides, phenylethyl-,B-galactosidase and thiodigalactoside were the most inhibitory. Lactose had no effect.
DISCUSSION
The melibiose transport system in E. coli was first studied by Pardee (26) and later studied in more detail by Prestidge and Pardee in 1965 (28) . They found that melibiose induced both the lactose and melibiose systems, whereas galactinol and melibiitol induced only the melibiose system. An interesting finding was that the melibiose transport system was temperature sensitive, being inactive at 370C although fully active at 300C. These findings explained the observation that growth of K-12 strains on melibiose at 370C led to the induction of the lac operon plus a-galactosidase; the sugar entered via the lactose transport system and was subsequently split by a-galactosidase. The melibiose transport system of E. coli has been further studied by Rotman et al. (30) and by Burstein and Kepes (3) , and its genetics has been investigated by Schmitt (31, 32) .
The cation requirement for melibiose trans- It appears that although E. coli uses protonsubstrate cotransport for membrane transport of a variety of sugars, amino acids, and ions, it uses Na+-substrate cotransport for glutamic acid and melibiose.
